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Brightness and linear polarization measurements at 678.5 nm for
four south–north strips of Jupiter are studied. These measurements
were obtained in 1997 by the Galileo photopolarimeter/radiometer.
The observed brightness exhibits latitudinal variations consistent
with the belt/zone structure of Jupiter. The observed degree of linear
polarization is small at low latitudes and increases steeply toward
higher latitudes. No clear correlations were observed between the
degree of linear polarization and the brightness. The observed di-
rection of polarization changes from approximately parallel to the
local scattering plane at low latitudes to perpendicular at higher
latitudes. For our studies, we used atmospheric models that include
a haze layer above a cloud layer. Parameterized scattering matrices
were employed for the haze and cloud particles. On a pixel-wise
basis, the haze optical thickness and the single-scattering albedo
of the cloud particles were derived from the observed brightness
and degree of linear polarization; results were accepted only if they
were compatible with the observed direction of polarization. Us-
ing atmospheric parameter values obtained from Pioneer 10 and 11
photopolarimetry for the South Tropical Zone and the north com-
ponent of the South Equatorial Belt, this analysis yielded acceptable
results for very few pixels, particularly at small phase angles. How-
ever, for almost all pixels, acceptable results were found when the
parameterized scattering matrix of the cloud particles was adjusted
to produce more negative polarization for single scattering of un-
polarized light, especially at large scattering angles, similar to some
laboratory measurements of ammonia ice crystals. Using this ad-
justed model, it was found that the derived latitudinal variation of
the single-scattering albedo of the cloud particles is consistent with

the belt/zone structure, and that the haze optical thickness steeply
increases toward higher latitudes. c© 2002 Elsevier Science (USA)
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1. INTRODUCTION

The distribution and the microphysical properties of the con-
stituents of a planetary atmosphere strongly influence the po-
larization of reflected sunlight and its dependence on the wave-
length and phase angle. Therefore, polarimetry is a valuable
tool for determining atmospheric properties of planets and satel-
lites. Information on these properties is also important for stud-
ies of the thermal budget of planets. Polarization studies have
been very successful for Venus (Hansen and Hovenier 1974,
Kawabata et al. 1980, Sato et al. 1996, Knibbe et al. 1997, 1998,
Braak et al. 2002). Polarimetry can be of even greater value when
it is combined with brightness measurements (Mishchenko and
Travis 1997a,b).

Earth-based observations of Jupiter are restricted to phase
angles below 12◦. Lyot (1929) was the first to conduct a thorough
study of the linear polarization of Jupiter in the visible part of
the spectrum. Subsequent Earth-based observations improved
on his measurements in terms of wavelength range, spectral
resolution, spatial resolution, and accuracy of the observations.
The degree of circular polarization has also been measured but
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was found to be on the order of only 0.01% or smaller (Kemp
1974).

Studies of the phase angle dependence of linear polarization
of Jupiter at visible wavelengths show that the degree of linear
polarization of the central part of the jovian disk (Lyot 1929) and
of the planet as a whole (Morozhenko and Yanovitskii 1973) in-
creases from zero at 0◦ phase angle to several tenths of a per cent
at 11◦ phase angle. In these cases, the reflected sunlight appears
to be polarized approximately parallel to the Sun–Jupiter–Earth
plane.

Studies of the distribution of linear polarization across the
jovian disk (Lyot 1929, Dollfus 1957, Gehrels et al. 1969, Hall
and Riley 1968, 1969, 1974, Carlson and Lutz 1989, Dollfus
1990) show that in comparison with the central part of the disk,
the degree of linear polarization is substantially larger (at times
up to 8% at visible wavelengths) at higher latitudes, while the
direction of polarization there is approximately perpendicular
to the nearest edge of the disk. None of these authors found
significant polarization differences between belts and zones.

Interpretations of the early observations in terms of the scat-
tering properties of atmospheric constituents were hampered
by the small phase angle range. Furthermore, since efficient
multiple-scattering calculations were lacking, most interpreta-
tions were only based on single-scattering considerations, which
provide a first approximation (e.g., Morozhenko and Yanovitskii
1973). Also, atmospheric models often involved only very small
(Rayleigh scattering) or spherical (Mie scattering) particles (e.g.,
Morozhenko and Yanovitskii 1973, Mishchenko 1990), while it
became clear that ammonia ice crystals, which are most likely
nonspherical, may be important constituents of Jupiter’s upper
atmosphere (Weidenschilling and Lewis 1973). In this respect,
we note that Pope et al. (1992) reported laboratory measure-
ments of scattering properties of ammonia ice crystals.

In the early 1970s, the adding–doubling method for multiple-
scattering calculations was extended to include polarization
(Hovenier 1971, Hansen 1971, Hansen and Hovenier 1971),
while somewhat later, the range of phase angles at which po-
larization measurements of Jupiter were obtained was greatly ex-
panded with the Pioneer 10 and 11 flybys of Jupiter, in
December 1973 and December 1974, respectively. Coffeen
(1974) described a north–south strip extending from +40◦ to
−45◦ latitude at a phase angle of 103◦, while Smith and Tomasko
(1984) described a similar strip extending from −45◦ to −85◦

latitude, at a phase angle of 98◦, as well as observations of the
South Tropical Zone (STrZ) and the north component of the
South Equatorial Belt (SEBn) at phase angles of 43, 80, 98, 103,
and 120◦. These studies involved measurements of the brightness
and degree and direction of linear polarization in broad wave-
length bands with brightness-weighted average wavelengths of
440 and 640 nm, respectively.

The north–south strip observations indicated that also at phase
angles around 100◦, the degree of linear polarization rises steeply

with latitude, to even much higher values (up to 55%) than shown
by the Earth-based observations at about the same wavelengths.
ET AL.

Smith and Tomasko (1984) used an atmospheric model that in-
volved a Rayleigh-scattering layer, representing scattering by
molecules and small haze particles, above a Lambertian surface.
They inferred that the latitudinal increase of the degree of linear
polarization is caused by an increase of the optical thickness (up
to about 0.5 at visible wavelengths) of the haze component of
the Rayleigh-scattering layer above the main (ammonia) cloud
deck. The presence of such a haze had previously been inferred
from other observations (e.g., West et al. 1981, West et al. 1986)
and was subsequently confirmed (e.g., Rages et al. 1999). The
increase of the haze optical thickness with latitude is consistent
with theories regarding the formation of this haze that involve
bombardments of energetic particles along the magnetic field
lines in the polar regions (e.g., Pryor and Hord 1991).

For the STrZ and the SEBn, Smith and Tomasko (1984) used
a four-layer model, consisting (from the top down) of a gas
layer, a haze layer, another gas layer, and a cloud layer. They
used parameterized matrices as scattering matrices for the haze
and cloud layers. For this purpose, they employed simple func-
tions involving a small number of parameters for the elements
of the scattering matrices as functions of the scattering angle.
The scattering matrices that they derived for the haze parti-
cles indicate that these particles are strongly forward scatter-
ing, while producing degrees of linear polarization of up to 90%
perpendicular to the scattering plane for unpolarized incident
light at scattering angles of about 90◦. This combination can
be achieved for spherical particles only if the complex refrac-
tive index m of the particles is such that both |m − 1| � 1 and
2πr |m − 1| � λ, where r and λ are the radius of the particle
and the wavelength, respectively (Rayleigh–Gans scattering).
Since such refractive indices are uncommon for compact parti-
cles suspended in a gaseous atmosphere, the haze particles are
sometimes believed to be nonspherical too, or in particular, to be
aggregated particles (West and Smith 1991), which is consistent
with the energetic-particle bombardment hypothesis referred to
above.

Smith and Tomasko (1984) concluded that the cloud particles
are also strongly forward scattering but very weakly polarizing.
In order to obtain the best fits, they needed the cloud particles
to produce a small degree of linear polarization parallel to the
scattering plane at 640 nm for single scattering at scattering
angles of about 90◦ and for unpolarized incident light. Smith and
Tomasko (1984) did not find evidence for rainbow-like features
in the single-scattering behavior of the cloud particles, indicating
that the cloud particles may indeed be nonspherical.

Smith and Tomasko (1984) realized that their results may not
be unique: certain pairs of parameters may compensate for each
other. Indeed, Smith (1986) reanalyzed polarization data from
both Pioneers in combination with methane band observations
(West 1979) and derived values of the degree of linear polariza-
tion of the haze particles of about 60% at a scattering angle of
90◦ for single scattering and unpolarized incident light, while

his derived values of the haze optical thickness are higher than
those derived by Smith and Tomasko (1984).
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In 1996, the Galileo Orbiter was the first to measure the bright-
ness and linear polarization of sunlight reflected by Jupiter at
phase angles larger than 12◦ since the Pioneer 10 and 11 space-
craft. In this paper, we present a study of four south–north strips,
culled from data obtained by the photopolarimeter/radiometer
(PPR) on board the Galileo Orbiter, along with results obtained
from model calculations. In Section 2, the instrument and the
data are described. In Section 3, two nominal atmospheric mod-
els which have been used for the calculations are introduced.
These models are based on those derived by Smith and Tomasko
(1984), but they have been adapted to the wavelengths at which
the PPR observations were made and to conform to current
knowledge of constraints on scattering matrices (Hovenier and
Van der Mee 1996, Braak et al. 2001). Results of observations
are shown in Section 4 and compared with results of scatter-
ing calculations based on the nominal models. An analysis of
the data in terms of spatial variability of atmospheric parame-
ters is provided in Section 5. Section 6 is devoted to concluding
remarks.

2. GALILEO PPR PHOTOPOLARIMETRY OBSERVATIONS

The photopolarimeter/radiometer (PPR) is one of the four
remote-sensing instruments that are mounted on the scan plat-
form of the Galileo Orbiter. Of its main objectives, the most
relevant for this work is to determine the vertical and horizon-
tal distribution of cloud and haze particles in the atmosphere of
Jupiter, including their size, shape, and refractive index (Russell
et al. 1992).

For each of the PPR’s three functions—photometry, photopo-
larimetry, and radiometry—the radiation from a scene is col-
lected by a telescope and focused onto a circular field stop sub-
tending 2.5 mrad. At a planetocentric distance of 700,000 km,
which is typical for the observations studied in this paper, the
footprint at the center of the disk has a diameter of 1750 km. Ra-
diation that passed the field stop is modified by passage through
optical elements located on one of the 32 positions of a filter
wheel. While the telescope footprint on the target body (Jupiter
or any of its satellites) moves, the filter wheel steps either through
all positions, or through a subset of these positions (depending
on the objective of the observation). This stepping can be done
in one single direction or in alternating directions. In that man-
ner, areas of the target body are scanned quasi-simultaneously
using different filters. The filter wheel steps sufficiently fast with
respect to the movement of the footprint across the disk so that
measurements of about a dozen successive scenes may be com-
bined into properties such as brightness and the state of polar-
ization of one so-called pixel, as if the individual scenes overlap
exactly.

For photopolarimetry, nine filter positions are used, three for
each of the three photopolarimetry wavelengths, 410.0, 678.5,
and 944.6 nm (see Table I). The bandwidths given in Table I are

sufficiently narrow so that measurements for those bands may
be treated as monochromatic at the center wavelength. For each
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TABLE I
Galileo PPR Polarimetry Filters

Center Full width at
wavelength half maximum Filter

(nm) (nm) positions

944.6 10.8 1, 3, 5
678.5 8.7 7, 9, 11
410.0 60.0 13, 15, 17

wavelength, the three filter positions contain, apart from the ap-
propriate bandpass filter, halfwave retarders, each rotated 22.5◦

from one filter position to the next. After passing the filter wheel,
the light is directed through a Wollaston prism that serves as a po-
larizing beam-splitter and produces two spatially separated and
orthogonally polarized output beams, the intensities of which are
measured by two silicon photodiodes. Thus, six measurements
are potentially available per wavelength for computing the prop-
erties of the reflected light for a pixel. For a perfect instrument
measuring a scene with constant reflection properties, two of
these six measurements are redundant since the first and third
positions listed for each wavelength in Table I yield essentially
the same results, but with the beams produced by the Wollaston
prism interchanged. When employing all three filter positions for
a wavelength during an observation, this apparent redundancy
was used to determine the brightness and state of polarization
of the reflected light with higher accuracy, by monitoring the
relative responsivities of the two silicon photodiodes.

The observed brightness and state of polarization that we used
are archived at the Planetary Data System in the form of the
brightness Iobs in W cm−2 sr−1 nm−1, the degree of linear po-
larization Pobs, and the direction of polarization χ̃obs in degrees.
The tilde in χ̃obs indicates that this quantity is measured relative
to the reference plane of the instrument, namely the instrument
baseplate, which maintained a stable orientation in space.

For the observations and for results of multiple-scattering cal-
culations, the degree of linear polarization P is defined in terms
of Stokes parameters as

P =
√

Q2 + U 2

I
. (1)

As P is always nonnegative, we do not speak of “negative”
or “positive” polarization for the observations and for results
of multiple-scattering calculations, but depending on the cor-
responding direction of polarization χ , we use the expressions
“polarized approximately parallel” or “approximately perpen-
dicularly” to the pertinent reference plane (e.g., the local scat-
tering plane or the instrument baseplate). Alternatively, for cases
in which U = 0, we define the signed degree of linear polariza-
tion Ps as

Q

Ps = −

I
. (2)
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This is especially true for single scattering if the incident light
is unpolarized. Ps is negative if the light is polarized parallel
to the reference plane, and it is positive if the light is polarized
perpendicularly to that plane. Thus, for light scattered once, we
use the terms “negative polarization” and “positive polarization”
accordingly if the incident light is unpolarized.

As determining the degree of linear polarization was consid-
ered to be the most important goal for the photopolarimetric
measurements, no reliable inflight calibration of the photodi-
odes has been performed, and the preflight accuracy may have
been on the order of 10%. This is of no consequence to the
accuracy of Pobs and χ̃obs, since these quantities are defined in
terms of intensity ratios, but may result in systematic errors of
Iobs. Even though the systematic errors in the brightness may be
large, its random errors due to noise, �Iobs, which are estimated
to be no larger than 0.001 µW cm−2 sr−1 nm−1, can generally
be ignored. As mentioned above, the greatest effort was put into
obtaining Pobs. Its accuracy, �Pobs, is estimated to be the larger
of (0.06 × Pobs) and 0.003. Errors in χ̃obs are not known.

In our analyses, we prefer to use directions of polarization χ

(without tilde) referenced to the local scattering plane (i.e., the
plane defined by the Sun-pixel and pixel-detector directions).
Further, we measure χ counter-clockwise when looking in the
direction of propagation and choose its value, 0◦ ≤ χ < 180◦, so
that cos 2χ has the same sign as Stokes parameter Q (Hovenier
and Van der Mee 1983). However, the instrument baseplate is
used as the reference plane for the observations, and neither the
orientation of this plane with respect to the local scattering plane
nor the sense in which χ̃obs is measured (clockwise or counter-
clockwise when looking in the direction of propagation) are
fully documented. Therefore, we can write down the following
relation between χ̃obs and the observed direction of polarization
with respect to the local scattering plane, χobs:

χobs = χ0 ± χ̃obs. (3)

For obtaining the value of χ0, we use the fact that the sun-
light reflected by Jupiter’s high latitude regions is polarized ap-
proximately perpendicularly to the local scattering plane, i.e.,
χobs ≈ 90◦ (e.g., Coffeen 1974). Now in the data pertaining to

the four south–north strips under consideration here, χ̃obs is close
to 0◦ in those r

Government Printing Office 1997) and fluxes at 1 astronomical
esulting values
egions. This means that the baseplate is oriented

TABLE II
Summary of the Galileo PPR Observations of Jupiter Used in This Study

Median
Min./max. planetocentric Observed

Strip Data local phase distance wavelengths
number Orbit filename Date angle (◦) (km) (nm)

1 G8 NSSTRP01 8 May 1997 13.1/15.1 717,900 678.5, 944.6
2 G8 NSSTRP02 8 May 1997 49.8/51.3 704,700 678.5, 944.6
3 C9 NSSTRP02 27 Jun 1997 49.0/50.9 866,500 410.0, 678.5

unit from tables of Neckel and Labs (1984). The r
4 C9 NSSTRP03 28 Jun 1997
ET AL.

approximately perpendicularly to the local scattering plane and
thus that χ0 = 90◦ is a good approximation. Since the values
of χ̃obs range from −90 to 90◦ in the dataset, this value for χ0

also ensures that the corresponding values of χobs fall within
the range 0◦ ≤ χobs < 180◦, regardless of the choice of the sign
in Eq. (3).

The properties of the reflected sunlight for a pixel are supple-
mented in the dataset with the pixel’s planetocentric latitude, the
angle between the pixel-detector and pixel-zenith directions, θ ,
the angle between the pixel-Sun and the pixel-zenith directions,
θ0, and the local phase angle α (the angle between the pixel-Sun
and pixel-detector directions).

In this paper, we focus on photopolarimetric data from four
south–north strips that have been observed in May and June
1997 (see Table II and Fig. 1). These strips are the only ones
obtained during Galileo’s nominal mission that cover large lati-
tude ranges. We consider only the 678.5-nm observations, as that
is the only wavelength for which observations were performed
during both orbits, and because it is relatively close to 640 nm,
which is the wavelength at which the Pioneer 10 and 11 Imaging
Photopolarimeter (IPP) instruments performed similar observa-
tions. To avoid cluttering in the figures in the remainder of this
paper, a selection was made from the available pixels such that
the selected pixels were spaced by about 1.25 mrad (one-half of
the field-stop diameter) as seen from the orbiter. This selection
has no influence on our conclusions.

3. OPTICAL MODEL OF THE ATMOSPHERE

The light scattered by Jupiter is not caused only by sin-
gle scattering of the sunlight but also by multiple scattering
by the molecules and particles in the atmosphere. We employ
the adding–doubling method (Hansen 1971, Hovenier 1971,
De Haan et al. 1987), which takes all orders of scattering into
account, for obtaining the reflection properties for models of
Jupiter’s atmosphere. In order to compute values for the bright-
ness of the reflected light from calculated reflection properties,
we need to know the flux of the incident sunlight, π F . This
flux was calculated for the G8 and C9 orbits separately, using
orbital elements from the Astronomical Almanac of 1997 (U.S.
98.1/98.9 1,418,000 410.0, 678.5
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Strip 1

Strip 2

Strip 3

Strip 4

FIG. 1. Projected globes of Jupiter showing the four south–north strips
considered in this paper (solid thick curves). Each strip was scanned from south to
north (north is at the top). Dotted and dashed thick curves: terminators at the start
and stop times of the strip observations, respectively. Open and filled triangles:
subspacecraft points at those times, respectively. Open and filled circles: subsolar
points at those times, respectively.

are π F = 5.80 µW cm−2 nm−1 (G8) and 5.83 µW cm−2 nm−1

(C9).
The atmospheric model consists of a number of plane-parallel

layers, each of which is characterized by an optical thickness b,
a single-scattering albedo a, and a scattering matrix F. If we

assume that the particles in the layers are randomly oriented and
occur in equal numbers as their mirror particles, the scattering
RY OF JUPITER AT 678.5 nm 405

matrix at a certain wavelength consists of at most six independent
nonzero elements that are only functions of the scattering angle
and the size, shape, and composition of the particles (see Van de
Hulst 1957). If the scattering plane acts as the reference plane,
the scattering matrix can be written as

F(�) =




F11(�) F21(�) 0 0

F21(�) F22(�) 0 0

0 0 F33(�) F34(�)

0 0 −F34(�) F44(�)


 , (4)

where � is the scattering angle (the angle between the directions
of the incident and scattered beams). F11(�) is often called the
phase function and F21(�) is related to the signed degree of linear
polarization Ps of the reflected light for unpolarized incident
light by

Ps(�) = − F21(�)

F11(�)
. (5)

In this paper, we normalize all scattering matrices so that the
average of F11(�) over all directions is unity, i.e.,

1

2

∫ 1

−1
F11(�)d cos � = 1. (6)

The atmospheric models treated in this paper are based on
those used by Smith and Tomasko (1984) for their analysis of
Pioneer 10 and 11 photopolarimetry. These models consist of
four atmospheric layers, namely, from the top down, (1) a pure
gas layer, (2) a haze layer, which consists of gas and haze par-
ticles, (3) another pure gas layer, and (4) a semiinfinite cloud
layer, which consists of gas and cloud particles (see Fig. 2).

Since the shapes of the haze and cloud particles are unknown,
other than that they are probably nonspherical, the single-
scattering characteristics of the haze and cloud layers are given
by so-called parameterized scattering matrices (Braak et al.
2001), using the following simple functions for elements or
FIG. 2. Schematic representation of the atmospheric model.
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element ratios of the scattering matrix.

F11(�) = PHG(g, �) (7)

or

F11(�) = f1 PHG(g1, �) + (1 − f1)PHG(g2, �), (8)

− F21(�)

F11(�)
= p

sin2 �

1 + cos2 �
, (9)

F22(�)

F11(�)
≡ 1, (10)

F33(�)

F11(�)
= 2 cos �

1 + cos2 �
, (11)

F34(�) ≡ 0, and (12)

F44(�) is not specified, (13)

where −1 < g < 1 is called the asymmetry parameter, 0 ≤ f1 ≤
1 is a weight factor, and −1 ≤ p ≤ 1 is called the polarization
parameter. PHG is defined as

PHG(g, �) = 1 − g2

(1 + g2 − 2g cos �)3/2
. (14)

Since this function was introduced by Henyey and Greenstein
(1941), the functions in Eqs. (7) and (8) are often called one-term
and two-term Henyey–Greenstein functions, respectively. If p =
1, Eqs. (9)–(12) hold exactly for Rayleigh scattering without
depolarization. Since Stokes parameter V has not been measured
by the PPR, and since it is decoupled from the other Stokes
parameters (because of Eq. (12)), there is no need to specify
F44(�). However, it can be shown that for any set of parameter
values, a function F44(�) exists so that Eqs. (7)–(13) provide
parameterized scattering matrices which obey all constraints that
are known for scattering matrices (Hovenier and Van der Mee
1996, Braak et al. 2001). Previously, Smith and Tomasko (1984),
among others, assumed that

F33(�) = F11(�). (15)

This choice is sometimes motivated by noting that, for spheres,
F33(�) resembles F11(�) for a large part of the scattering angle
range (Tomasko and Smith 1982, Tomasko and Doose 1984).
However, employing Eq. (15) instead of Eq. (11) would yield a
matrix that does not obey all constraints (Hovenier and Van der
Mee 1996, Braak et al. 2001) and may therefore give unphysical
results, unless p = 0. We note that the results of our model
calculations depend only marginally on the choice between these
two parameterizations of F33(�).

We chose parameter values for two nominal models that are

based on results of Smith and Tomasko (1984) for the South
Tropical Zone (STrZ) and the north component of the South
ET AL.

TABLE III
Properties of the Nominal Models

Property Symbol Value

Gas layer 1
Optical thickness bg1 0.0067
Single-scattering albedo ag1 1.0
Depolarization factor δg1 0.0

Haze layer
Optical thickness bh 0.0625
Single-scattering albedo ah 0.95

Parameterized scattering matrix

{
gh

ph

0.75
0.9

Gas layer 2
Optical thickness bg2 0.011
Single-scattering albedo ag2 1.0
Depolarization factor δg2 0.0

Cloud layer
Optical thickness bc ∞
Single-scattering albedo ac

{
0.997 (StrZ)
0.9925 (SEBn)

Parameterized scattering matrix




g1,c

g2,c

f1,c

pc

0.80
−0.70

0.938
−0.05

Equatorial Belt (SEBn) at 640 nm, respectively. These two mod-
els differ only in the single-scattering albedo of the cloud parti-
cles. The model parameters and their values are summarized in
Table III.

In order to obtain optical thicknesses of the gas layers at
678.5 nm from those given by Smith and Tomasko (1984) at
640 nm, we applied the Rayleigh law that molecular optical
thicknesses are proportional to λ−4. Further, we used the
Rayleigh scattering matrix (Chandrasekhar 1950) with a depo-
larization factor δ = 0 for both gas layers, since we are dealing
with a hydrogen/helium atmosphere. We assumed the albedo of
single scattering of the gas layers to be equal to unity.

At the wavelength of the observations under consideration, the
contribution by molecules to the total light scattered by the cloud
and haze layers is negligible. Since for the haze and cloud parti-
cles, the wavelength dependencies of the scattering matrices, the
scattering cross sections, and the single-scattering albedos are
not known, no effort has been made to convert the corresponding
parameter values of Smith and Tomasko (1984) at 640 nm to val-
ues at 678.5 nm. We expect that this small wavelength difference
does not affect our conclusions. As the polarization of reflected
sunlight is mainly influenced by atmospheric constituents up to
an optical depth of only approximately 2, the scattering matrix
of the cloud layer in the model can be assumed to be mostly
representative for the upper part of the ammonia cloud layer.

For later reference, Fig. 3 shows the functions F11(�) and
−F21(�)/F11(�) of the scattering matrices of the gas, haze, and
cloud particles of the nominal models.
In order to perform multiple-scattering calculations, the rel-
ative azimuth, φ − φ0, between the Sun-pixel and pixel-detector
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FIG. 3. The functions F11(�) and −F21(�)/F11(�) of the scatterin

directions is computed from the angles θ , θ0, and α (see
Section 2) by using

cos(φ − φ0) = µµ0 − cos α

(1 − µ2)1/2
(
1 − µ2

0

)1/2 (16)

(Horak 1950), where µ = cos θ and µ0 = cos θ0. If the pixel is
located north of the intensity equator, and the subsolar point is
located east of the suborbiter point, the value of φ − φ0 must
obey 0◦ ≤ φ − φ0 ≤ 180◦. From symmetry relations (Hovenier
1970), the same interval applies if the pixel is located south of
the intensity equator and the subsolar point is located west of the
suborbiter point, whereas 180◦ ≤ φ − φ0 ≤ 360◦ must be taken
otherwise.

The fact that the adding–doubling method requires the lay-
ers in the atmosphere model to be plane-parallel makes this
method unsuitable for pixels with nearly grazing angles θ or θ0.
Therefore, only pixels with both µ > 0.15 and µ0 > 0.15 are
considered for the calculations reported in this paper. Results in
Section 19.2.2 of Van de Hulst (1980) indicate that the plane-
parallel approximation yields progressively more erroneous re-
sults for µ and µ0 smaller than this value.

4. QUALITATIVE INTERPRETATION
OF THE OBSERVATIONS

In Fig. 4, observed values of the brightness, degree of linear
polarization, and direction of polarization are compared with re-
sults of calculations for the nominal models. Belt/zone bound-
aries are indicated as an aid in interpreting small-scale struc-
tures. Here, the plus sign in Eq. (3) is used for computing the
observed direction of polarization with respect to the local scat-
tering plane. As explained in the preceding section, only pixels
with µ > 0.15 and µ0 > 0.15 were considered for the calcula-
tions. This prevents the calculated curves in Fig. 4 from extend-
ing as far toward the poles as the observed values.
identify the following striking features. The observed
tness shows substantial structure, much of which corre-
matrices of the gas, haze, and cloud particles in the nominal models.

lates with the zone/belt divisions of the jovian atmosphere as
expected: the belts are darker than the zones. This is especially
the case near the equator. Previously, Smith and Tomasko (1984)
ascribed the differences in reflectivity between the belt and zone
they studied to differences in the single-scattering albedo of the
cloud particles. It seems plausible that this is the case here as
well (see Section 5), since varying the single-scattering albedos
of any of the other layers will not affect the calculated brightness
very much because (i) the haze and gas layers are relatively op-
tically thin and (ii) the angles θ and θ0 in the south–north strips
under study are generally not near grazing for equatorial and
midlatitude regions. As mentioned above, random errors �I do
not exceed 0.001 µW cm−2 sr−1 nm−1 and are thus negligible
(see Fig. 4).

The observed degree of linear polarization increases dramati-
cally towards both poles. Part of this increase can be explained by
the fact that at higher latitudes, the contribution to the observed
polarization by the upper layers of the atmosphere is enhanced
owing to the higher values of θ and θ0 at those latitudes. Since
these upper layers are more strongly polarizing than the under-
lying cloud layers (cf. Fig. 3), the observed degree of linear
polarization is higher at high latitudes than it is near the equator.
However, as the results of the calculations in Fig. 4 show, this
increase of the degree of linear polarization is not sufficient to
explain the observations, or in other words, it is only part of
the observed increase, as Smith and Tomasko (1984) already
pointed out. We also performed computations for a number of
other atmosphere models, but we could not find any horizontally
homogeneous model that could satisfactorily fit the polarization
observations at all latitudes. This is consistent with other types
of observations that suggest that the jovian stratospheric haze
(which may be identified with the haze layer in our model) is
more prominent in polar regions than near the equator (e.g., West
et al. 1981, Rages et al. 1999). An increase of the haze optical
thickness towards higher latitudes is consistent with the obser-
vations shown in Fig. 4, since such an increase would increase

the calculated degree of linear polarization at high latitudes (see
Section 5).
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The observed direction of polarization, χobs, exhibits a quasi-
discrete nature: most values are clustered close to 0, 90, or 180◦.
Striking is the fact that for Strips 1, 2, and 3, χobs jumps from
approximately 90◦ to approximately 0◦ or approximately 180◦

(note that these two values are equivalent) and back to approxi-
mately 90◦, going from south to north. A plausible explanation
is that at least one of the constituents of the jovian atmosphere
at lower latitudes produces negative polarization. In the nomi-
nal models, the cloud particles do just that, but the calculated
directions of polarization indicate that more negative polariza-
tion is required: only for Strip 1 does χcalc deviate noticeably
from 90◦ at some latitudes. For Strip 4, all pixels exhibit po-
larization nearly perpendicular to the local scattering plane. For
that strip, the angle θ0 is near grazing for all latitudes (notice
in Fig. 1 that the strip runs close to the terminator) and the gas
and haze particles produce such strong positive polarization (cf.
Fig. 3 at a scattering angle of 81◦) that the polarization of the
atmosphere as a whole is perpendicular to the local scattering
plane.

In general, no clear correlations between the brightness and
the degree of linear polarization are evident. Particularly, belt/
zone structures that are evident in the plots of the brightness (as
mentioned above) are absent in the plots of the degree of linear
polarization. It should be noted, however, that the brightness
peak in the South Equatorial Belt at about −13◦ latitude in Strip 1
anticorrelates well with a dip in the degree of linear polarization.
Strip 2 shows a similar peak in the brightness at this latitude but
no corresponding feature in the degree of linear polarization.

5. QUANTITATIVE ANALYSIS

The latitudinal brightness variations and the increase of the
degree of linear polarization toward the poles (see Fig. 4) both
indicate that the atmosphere of Jupiter cannot be modeled by a
single, horizontally homogeneous atmospheric model. As sug-
gested in the preceding section, the single-scattering albedo of
the cloud particles, ac, and the haze optical thickness, bh, are
suitable candidates for atmospheric properties that vary across
the disk. In this section, values for these parameters are derived
from the observed brightness and degree of linear polarization
on a pixel-wise basis.

5.1. Method of Analysis

For a pixel, values of ac and bh are sought in the (ac, bh)-
parameter space that satisfy the following set of equations.

Icalc(ac, bh) − Iobs = 0, (17)

Pcalc(ac, bh) − Pobs = 0, (18)

where Icalc and Pcalc =
√

Q2
calc + U 2

calc/Icalc are the calculated
brightness and degree of linear polarization, respectively, for that

pixel. Qcalc and Ucalc are the calculated second and third Stokes
parameters, respectively, for that pixel. The (ac, bh)-parameter
ET AL.
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FIG. 5. Calculated degree of linear polarization, Pcalc, and direction of po-
larization χcalc, as functions of bh for a pixel taken from Strip 2. Here, pc =
−0.2. For the other parameters, values were taken from Table III, with
ac = 0.977. For this pixel, µ = 0.844, µ0 = 0.424, and φ − φ0 = 125◦.

space consists of all points (ac, bh) with 0 ≤ ac ≤ 1 and bh ≥ 0.
For solving Eqs. (17) and (18), a Newton–Raphson algorithm
was employed, using numerically calculated derivatives (Press
et al. 1992) and initial values obtained from lookup tables as
described below.

Equations (17) and (18) may yield zero, one, or more solu-
tions. That there may be more than one solution can be explained
as follows. In our calculations, it turned out that for any pixel,
Icalc(ac, bh) is a monotonic function of ac, with bh fixed, as well
as of bh, with ac fixed. On the other hand, Pcalc(ac, bh) may not
be monotonic in that sense for some pixels. This is illustrated in
Fig. 5 for a typical pixel for which this occurs. For this illustra-
tion, we consider a certain fixed value for ac, and let bh increase,
starting with bh = 0. Then, χcalc starts at a certain value, which
is mainly determined by the cloud particles that produce nega-
tive polarization (notice that in Fig. 5, χcalc ≈ 180◦ for bh = 0).
Initially, Pcalc decreases with increasing bh due to the influence
of the haze particles that produce positive polarization. Subse-
quently, Pcalc increases for still higher values of bh when the
polarization of the haze particles dominates that of the cloud
particles, so that χcalc ≈ 90◦. Thus, depending on the value of
Pobs, more than one solution, with distinct values of χ , may be
found for a pixel.

We consider a solution “acceptable” if the direction of po-
larization pertaining to that solution, χcalc, deviates less than a
tolerance β (say 20◦ ) from the observed direction of polariza-
tion, χobs. Here, we have to take into account that χ = 0◦ is

◦
equivalent with χ = 180 even though the numerical values are
180◦ apart. Therefore, we distinguish three cases for χobs and
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accept solutions

(i) for β ≤ χobs ≤ 180◦ − β if

|χcalc − χobs| < β, (19)

(ii) for χobs < β if

χcalc − χobs < β, (20)

or χcalc − χobs > 180◦ − β, (21)

and (iii) for χobs > 180◦ − β if

χobs − χcalc < β, (22)

or χobs − χcalc > 180◦ − β. (23)

Since for a pixel, more than one solution may exist, it is impor-
tant that accurate initial values are put into the Newton–Raphson
formalism. In order to find such values, lookup tables are pro-
duced for all combinations of a number of values for ac and
bh. For bh, the following values were chosen: bh = 0 through
2.0 with steps of 0.05. Inspired by theoretical results of Sobolev
(1975) (Sections 2.6 and 9.3) for semiinfite atmospheres, we
considered a piecewise equidistant sequence for

√
1 − ac rather

than for ac, namely
√

1 − ac = 0 through 0.20, with steps of
0.01. These values correspond to values of ac ranging from 0.96
to 1. In this domain of ac, the calculated brightnesses turned out
to behave much more linearly as a function of

√
1 − ac than as

a function of ac. The above ranges for bh and ac were found
to be sufficiently large. Nevertheless, we added bh = 20,000
(this value is used as the numerical equivalent of infinity) and√

1 − ac = 1.0 (ac = 0) in order to cover essentially the entire
parameter space. Subsequently, linear interpolation is employed
for fixed values of bh to find the curve in the (ac, bh)-parameter
space for which Eq. (17) holds (there is only one such curve
due to the aforementioned monotonic behavior of Icalc(ac, bh)
both as a function of ac and as a function of bh). Then, linear in-
terpolation along that curve is employed to search for solutions
of Eq. (18). Note that because the interpolations are linear, cer-
tain solutions may be overlooked. However, tests performed with
other sequences indicate that this does not affect our conclusions.

Endpoints for the error bars of the derived ac and bh are cal-
culated by solving Eqs. (17) and (18) with Pobs ± �Pobs as the
second term on the left-hand side of Eq. (18). This approach
generally results in asymmetric error bars since the left-hand
sides of Eqs. (17) and (18) are nonlinear. If a solution for such
an endpoint did not exist, we used the values for ac and bh that
are on the edge of the (ac, bh)-parameter space and also on the
curve through that space for which Eq. (17) holds. As mentioned
above, the random errors of the brightness, �Iobs, are negligible
(see Section 4). Of course, the systematic errors of the bright-
ness, which may be quite large (see Section 2), do influence the

derived values (especially those of ac), but the behavior of the
derived values as a function of latitude is hardly affected.
RY OF JUPITER AT 678.5 nm 411

5.2. Results Using the Nominal Models

Shown in Fig. 6 are the results of an analysis for which we
used the values listed in Table III for the fixed parameters and
β = 20◦ for the acceptance criterion expressed in Eqs. (19)–(23).
Acceptable solutions are shown as solid circles, unacceptable
solutions as open circles. As in Section 4, only pixels with µ >

0.15 and µ0 > 0.15 were considered.
For Strip 1, hardly any acceptable solution is found. At mid-

latitudes, the observed degree of linear polarization was repro-
duced, but in those cases, the calculated direction of polarization
was incompatible with the observed values. For many pixels at
higher and lower latitudes, even such a limited agreement turned
out not to be possible (notice that the solid and dashed curves in
Fig. 4 extend to higher latitudes than the results in Fig. 6). For
these pixels, the haze optical thickness would have to assume
such high values in order to reproduce the observed degree of
linear polarization that even for a cloud single-scattering albedo
of 1, the calculated brightness would be lower than the observed
brightness.

The results for Strips 2, 3, and 4 agree better with the quali-
tative inferences described in Section 4. That is, the haze op-
tical thickness is low at equatorial and midlatitudes and in-
creases steeply towards higher latitudes, while the behavior of
the single-scattering albedo of the cloud particles follows that
of the observed brightness. However, note that for Strips 2 and
3, as for Strip 1, hardly any solution at equatorial and mid-
latitudes is acceptable. Particularly, the nominal models fail to
yield satisfactory results for these strips at the latitudes of the
STrZ and the SEBn. A possible explanation for this is changes
in the atmosphere since the Pioneer observations in 1973 and
1974.

5.3. Results for Adjusted Models

If we assume that the direction of polarization of the reflected
sunlight is mostly determined by single scattering, a plausible
adjustment to find acceptable solutions at equatorial and mid-
latitudes is to decrease the value of pc. A value of pc = −0.20
instead of −0.05 indeed relieves the problem for Strips 2 and
3. But for Strip 1, with a typical local phase angle of 14◦, even
a scattering matrix with a value of pc = −1 does not yield sat-
isfactory results. Note here that, apart from the fact that such a
scattering matrix is unrealistic, the signed degree of linear po-
larization, Ps, equals only −3% for such a scattering matrix at
a scattering angle of 166◦ (180◦ minus the typical local phase
angle of Strip 1) for single scattering when the incident light is
unpolarized.

Yet, for certain collections of particles, it may occur that
at large scattering angles, the function −F21(�)/F11(�) de-
creases with increasing scattering angle and then assumes values
smaller than −3%. This is, for instance, the case in results of
laboratory measurements of ammonia ice crystals (one of the

prime candidates for the constituents of Jupiter’s cloud layer)
(Pope et al. 1992; see also Section 5.4). Since such a decrease
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FIG. 6. Derived values and error bars for the haze optical thickness and single-scattering albedo of the cloud particles for the four south–north strips using
the nominal parameter values listed in Table III for the fixed parameters. Filled circles indicate solutions with acceptable values of the calculated direction of

polarization. Open circles indicate unacceptable solutions. Belt/zone boundaries are indicated by vertical dotted lines (see Fig. 4).
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FIG. 6—

does not occur in our present parameterization (Eq. (9)) if p <

0, an adjustment of Eq. (9) was necessary. Subsequently, we
tested whether such an adjustment increased the number of ac-
s for the strips considered, in particular for
tment we implemented involved adding a term
ontinued

to Eq. (9), yielding

F21(�) 1 − cos2 � 1 − ν(cos �)2
−
F11(�)

= pc
1 + cos2 �

+ qc
1 + ν(cos �)2

, (24)
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where −1 ≤ pc ≤ 1, −1 ≤ qc ≤ 1, 0◦ < �0 < 180◦, and
ν(cos θ ) is a function of cos � such that ν = −1, 0, and 1 if
cos � = −1, cos �0, and 1, respectively. This makes the shape
of the added term as a function of scattering angle similar to that
of the first term, but it has its extremum at a � = �0 rather than
at � = 90◦. We used the rational function

ν(cos �) = cos � − cos �0

1 − cos �0 cos �
. (25)

Generally, scattering matrices with their 2,1-elements defined
by Eq. (24) and the other elements defined as in Section 3 do not
obey the Cloude coherency matrix test (cf. Hovenier and Van
der Mee 1996, Braak et al. 2001). Therefore, we also adjusted
Eq. (11), yielding

F33(�)

F11(�)
= 1

|pc| + |qc|
(

|pc| 2 cos �

1 + cos2 �
+ |qc| 2ν

1 + ν2

)
. (26)

With this parameterization, the Cloude coherency matrix test
is fulfilled at least as long as |pc| + |qc| ≤ 1, while necessary
requirements at 0 and 180◦ scattering angles are obeyed as well
(cf. Hovenier and Van der Mee 1996, Braak et al. 2001). Thus
all constraints are taken into account.

We replaced the scattering matrix of the cloud particles emp-
loyed so far by a parameterized scattering matrix using Eqs. (24)
and (26) with pc = −0.2, �0 = 166◦, and qc = −0.1. The func-
tions F11(�) and −F21(�)/F11(�) of this adjusted scattering
matrix are shown in Fig. 7, compared with the corresponding
functions of the nominal models and with results of laboratory
measurements reported by Pope et al. (1992).

In Fig. 8, derived values of the haze optical thickness and
the single-scattering albedo of the cloud particles using this ad-

justed scattering matrix are shown. In comparison with Fig. 6, larization at large scattering angles, since results of Morozhenko

acceptable solutions were found for many more pixels, espe-
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FIG. 7. The functions F11(�) and −F21(�)/F11(�) of the scattering matrix of the cloud particles in the nominal models (identical to the dashed curves in Fig. 3)

and Yanovitskii (1973) already indicated this. Besides, negative
and of the adjusted parameterized scattering matrix with pc = −0.2, �0 = 166◦,
matrix. The triangles represent laboratory measurements at 652 nm of ammonia i
ET AL.

cially throughout the equatorial and midlatitudes. Many pixels
on Strips 2 and 3 yielded even two solutions, only one of which
is acceptable. With the adjusted parameterized scattering ma-
trix, the observations at the highest latitudes could still not be
reproduced without varying at least one of the parameters that
was fixed in the above analysis. We found that by increasing
the haze single-scattering albedo, ah, or decreasing the asym-
metry parameter of the haze particles, gh, it was possible to find
solutions extending to higher latitudes.

The results shown in Fig. 8 may be summarized as follows.
The derived values of the haze optical thickness at equatorial
and midlatitudes are generally on the order of about a tenth,
except for Strip 1. Toward the poles, bh rises steeply to several
tenths. On smaller spatial scales, the derived haze optical thick-
ness shows the same small-scale features as the observed degree
of linear polarization. For Strip 1, derived values of bh are some-
what larger than for the other strips and show more variation with
latitude.

The derived single-scattering albedo of the cloud particles is
determined mainly by (and shows the same small-scale features
as) the observed brightness throughout the latitude ranges of
all four south–north strips. Therefore, the belt–zone structure is
apparent for all four strips. That the derived values of ac differ so
much between different strips may be caused by imperfections
in the phase functions that were employed in the analysis (which
were one- or two-term Henyey–Greenstein functions).

As was the case for the observed brightnesses and degrees
of linear polarization, no clear correlations were found between
the derived single-scattering albedos of the cloud particles and
the derived haze optical thicknesses.

5.4. Discussion

It is not surprising that our analysis shows that at least one of
the constituents of the jovian atmosphere produces negative po-
and qc = −0.1 in Eqs. (24) and (26). “PSM” stands for parameterized scattering
ce crystals grown at a temperature of 180 K as reported by Pope et al. (1992).
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FIG. 8. Same as Fig. 6 but with the scattering matrix of the cloud

polarization at large scattering angles for visible wavelengths
has been observed for many particles in the Solar System, such
as dust particles—e.g., zodiacal light, planetary regoliths, and
ry comas (cf. Lumme 2000)—and the cloud particles of
(Hansen and Hovenier 1974) and Saturn (Tomasko and
particles replaced by the adjusted parameterized scattering matrix.

Doose 1984). The particles of the jovian and venusian clouds
produce negative polarization not only at large scattering angles
but also for side scattering. This differs from the other parti-

cles mentioned, since these exhibit positive polarization for side
scattering. That Smith and Tomasko (1984) did not find such
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FIG. 8—C

strong negative polarization at large scattering angles for the
jovian cloud particles may be caused by the fact that they did not
surements obtained at phase angles smaller
ontinued

The temperature and pressure at which particles form affect
the sizes and shapes of these particles, and hence their single-

scattering properties. Therefore, the shapes of the derived F11(�)
and −F21(�)/F11(�) as functions of � may give an indication
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of the temperature and pressure under which cloud particles
form and grow in the upper part of Jupiter’s cloud layer. In that
respect, it is interesting to compare our results with those of
Pope et al. (1992). In that study, ammonia crystals were grown
in the laboratory at various temperatures. Their results obtained
at a temperature of 180 K (see also Fig. 7) fit our adjusted scat-
tering matrix best. Additional laboratory measurements (e.g., at
various pressures) are required for making solid inferences.

6. CONCLUDING REMARKS

During the nominal mission of the Galileo Orbiter, the pho-
topolarimeter/radiometer on board that spacecraft performed
several brightness and polarization observations of Jupiter. In
this paper, we studied the four south–north strips of measure-
ments of the brightness, the degree of linear polarization, and the
direction of polarization at 678.5 nm. For a quantitative analysis
of the data, we employed an atmospheric model that includes
a haze layer above a cloud layer. In order to keep the number
of model parameters small and because the shapes of the haze
and cloud particles are unknown, we employed parameterized
scattering matrices for those particles obeying all constraints.
Nominal models were chosen that are virtually the same as
models derived by Smith and Tomasko (1984) for the South
Tropical Zone and the north component of the South Equatorial
Belt. Values of two designated free parameters were derived on
a pixel-wise basis from the measured brightness and degree of
linear polarization.

The measured direction of polarization was used to determine
if a pair of values that sufficiently reproduced the measured
brightness and degree of linear polarization was acceptable. Our
study shows that for purposes such as these, it is very important
that the direction of polarization be measured as accurately as
possible, as well as the orientation of the reference plane with
respect to which this direction of polarization is measured.

The main results of our analyses, which are described in
Sections 5.3 and 5.4, could not be obtained unless we adjusted
the function −F21(�)/F11(�) of the cloud particles derived by
Smith and Tomasko (1984). In this paper, we provided an ad-hoc
parameterization (Eqs. (24)–(26)) that implemented this adjust-
ment. More results of laboratory measurements as well as theo-
retical single-scattering calculations are necessary both for the
further development of realistic parameterizations of scattering
matrices and for the interpretation of values of the parameters
of such parameterized scattering matrices that are derived from
brightness and polarization measurements.

The measurements considered in this paper constitute about
6% of all brightness and polarization measurements of Jupiter
obtained by the PPR during Galileo’s nominal mission and per-
tain to only a few parts of the entire phase angle range 0◦ ≤
α ≤ 180◦. By demanding that results at different phase angles
be consistent and analyzing the remainder of the data, more ac-

curate determinations of single-scattering properties of jovian
atmospheric constituents should be possible.
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